Leukopenia and immunosuppression are characteristic clinical manifestations of classical swine fever and peripheral blood mononuclear cells (PBMCs) are major targets of classical swine fever virus. To investigate proteomic expression changes in swine PBMCs during lethal CSFV infection, proteins of PBMCs from five lethally CSFV-infected pigs were resolved by two-dimensional electrophoresis followed by mass spectrometry. Quantitative intensity analysis revealed that 66 protein spots showed altered expression, 44 of which were identified as 34 unique proteins by MALDI-TOF-MS/MS. Cellular functions of these proteins included cytoskeletal, energy metabolism, protein translation and processing, antioxidative stress, heat shock and blood clotting. Western blot analysis confirmed the upregulation of annexin A1 and downregulation of cofilin. Identification of these changed levels of expression provides an understanding at the molecular level of the response of in vivo target cells to CSFV infection and of the pathogenic mechanisms of leukopenia and immunosuppression induced by the virus.
INTRODUCTION
Classical swine fever (CSF) is a highly contagious swine disease causing major losses in the pig industry. Its causative agent, classical swine fever virus (CSFV), is a small enveloped RNA virus with a single-stranded positive RNA genome which, together with two bovine viral diarrhea viruses (BVDV-1 and BVDV-2) and border disease virus of sheep, constitute the genus Pestivirus within the family Flaviviridae (Heinz et al., 2004) . The virus is known to have a particular tropism for cells of the immune system and for endothelial cells. Monocytes, both in peripheral blood and in the various lymphoid organs, are its major targets (Summerfield et al., 1998a; Sánchez-Cordó n et al., 2002) . CSFV also replicates in peripheral blood mononuclear cell (PBMC) subpopulations such as CD4 + , CD8 + and IgM + lymphocytes, as well as alveolar macrophages (Lee et al., 1999) .
The clinical symptoms and pathological alterations of CSF are characterized by haemorrhagic fever and immunosuppression. The haemorrhagic syndrome includes petechial bleeding of the skin, mucosae and internal organs, and spleen infarction. Immunosuppression is characterized by a generalized leukopenia including lymphopenia and granulocytopenia (Summerfield et al., 1998b) . Depletion of peripheral B and T lymphocytes, with a preferential B lymphocyte deficiency in the circulatory system as well as in lymphoid tissues, has been described during CSFV infection (Susa et al., 1992; Summerfield et al., 1998a) . A decrease in T lymphocyte activity (Pauly et al., 1998) and regressive changes in lymphoid organs during CSF (Summerfield et al., 2000 (Summerfield et al., , 2001 Sánchez-Cordó n et al., 2002 have also been observed. Inhibition of both cellular and antibody responses are therefore observed after CSFV infection.
It is well known that the depletion of cells of the immune system in CSFV-infected pigs is largely affected by apoptosis in the thymus, spleen, lymph nodes, bone marrow and peripheral blood (Choi et al., 2004; Summerfield et al., 1998a Summerfield et al., , 2000 Sánchez-Cordó n et al., 2002 . Some studies have attributed immune cell apoptosis or death to more indirect mechanisms than direct viral action. Cytokines released from monocytes or macrophages activated by CSFV infection, such as tumour necrosis factor alpha (TNF-a), interleukin-6 (IL-6) and interleukin-1-alpha (IL-1a), may play a critical role in the induction of lymphocyte and thymocyte apoptosis and particularly in uninfected bystander cell apoptosis (Choi et al., 2004; Sánchez-Cordó n et al., 2002 . In contrast, T lymphocyte apoptosis in peripheral blood during CSFV infection is mediated by Fas-Fas ligand interaction and involves an increase in CD19d and major histocompatibility complex class II expression (Summerfield et al., 1998a) .
Apart from these factors that contribute to the pathogenesis and progression of CSF, the interplay between the virus and host target cells is poorly understood. Although the proteomic alteration of in vitro PK-15 cells following CSFV infection has been studied in our laboratory (Sun et al., 2008) , this cannot reflect the proteomic profile of in vivo cells since different types of cells exert different functions, and thereby have different proteomes. Recently, the genomic transcriptional levels of porcine peripheral blood leukocytes from lethal CSFV-challenged pigs were analysed using microarrays and more than a thousand genes were found to be up-or downregulated following infection (Shi et al., 2009) . Further functional investigation of altered gene expression may facilitate understanding of molecular mechanisms of the pathogenesis of CSFV infection. However, the altered transcriptional levels do not completely reflect the proteomic changes following viral infection. Therefore, altered protein expression profiles of in vivo target cells following viral infection need to be addressed. In the present study proteomic methods were applied to characterize the host responses of peripheral blood target cells to CSFV infection and a number of differentially expressed proteins in the PBMCs of CSFVinfected pigs were successfully identified using MALDI-TOF-MS/MS.
RESULTS

PBMC preparation and CSFV infection
After intramuscular inoculation with highly virulent CSFV strain Shimen, all five experimental pigs developed the disease within 2-3 days. They showed typical CSF symptoms at day 4 post-infection (p.i.), including increased rectal temperature (40.0-40.5 u C), anorexia and skin erythema with two of the five pigs presenting diarrhoea. Blood samples from all ten pigs from the infected and control groups were collected at day 4 p.i. PBMCs were immediately isolated from each animal and individually subjected to 2-DE (two-dimensional electrophoresis), and testing for CSFV infection by RT-PCR amplification of the E2 gene. The expected 270 bp E2 gene band was observed only in PBMC samples from the five infected pigs (data not shown), indicating that they had been successfully infected.
Comparative proteomic analysis of CSFV-infected and uninfected PBMCs PBMC proteomic profiles of CSFV-infected and uninfected pigs were analysed by 2-DE with 250 mg protein per sample loaded on each gel strip. Representative 2-DE profiles of infected and control samples are displayed in Fig. 1 , with each showing approximately 1500 protein spots. Most spots were distributed with isoelectric points (pI) in the range of 4.5-9.5 and 21-66 kDa molecular mass. Quantitative intensity analysis and protein spot volume comparisons between infected and control samples revealed that 66 differentially expressed protein spots with at least a twofold quantitative alteration were found in all five infected PBMC samples. These proteins were then subjected to MALDI-TOF-MS/MS analysis. A magnified comparison of the differentially expressed protein pattern of spot 4 (annexin A1) and spot 10 (cofilin) is shown in Fig. 2(a) .
Protein identification by MALDI-TOF-MS/MS
Protein spots with at least a consistent twofold alteration in all five infected PBMC samples were cut from preparative 2-DE sheets and subjected to trypsin digestion, MALDI-TOF-MS/MS analysis and database searching. Of the 66 differentially expressed protein spots, 44 were unambiguously identified as 34 unique proteins by their peptide mass fingerprinting (PMF) and peptide sequences in the National Center for Biotechnology Information nonredundant (NCBInr) database (Table 1 ). The remaining 22 protein spots were not identified successfully, either because the quantity was too low to produce a good spectrum or because the confidence levels of the database search using PMF or MS/MS data were insufficient to yield unambiguous results.
The identified proteins could be classified into several functional groups based on their cellular functions (Table  1) as described in the Swiss-Prot database. Moreover, it was noted that some proteins were identified in multiple spots, including annexin A1, Tln1 (talin), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), porcine E-trypsin, fibrinogen gamma polypeptide and platelet factor 4 ( Table 1) .
Characterization of transcriptional levels of differentially expressed proteins
Alterations in expression of a protein may be due to changes in its mRNA level. Real-time SYBR Green RT-PCR was applied to determine mRNA levels of four randomly selected proteins after CSFV infection. As shown in Table  2 , the changes in mRNA expression of these four proteins were consistent with their protein expression changes observed in 2-DE gels although there was some variation in the actual extents.
Validation of altered proteins by Western blot analysis
Western blotting was conducted to confirm the proteomic data for two altered proteins (upregulated protein annexin A1 and downregulated protein cofilin) for which specific antibodies were available. Fig. 2 (b) clearly shows increased expression of annexin A1 and reduced expression of cofilin following CSFV infection, thereby validating the 2-DE results (Fig. 2a) .
DISCUSSION
Since changes in protein expression in PBMCs from pigs infected with CSFV were largely unknown, 2-DE was applied in this study to address the issue. To identify unambiguous differences in all infected pigs and to ensure reliability of the proteomic data, each gel was loaded with a sample from a single pig and only spots that were: (i) consistently expressed at higher or lower levels, or consistently present or absent in all five gels of each group (infected and control); and (ii) with an alteration (ratio of infected/control) of at least twofold, with a value for Student's t-test of P¡0.05, were selected for further MALDI-TOF-MS/MS analysis. In this manner a total of 34 proteins in 66 protein spots on 2-DE were successfully identified by MALDI-TOF-MS/MS as being differentially expressed in porcine PBMCs following CSFV infection. Additionally, the 2-DE results for two proteins were validated by either quantitative RT-PCR or Western blotting.
The identified proteins with altered expression in infected PBMCs play crucial roles in certain cellular functions, including cytoskeletal, energy metabolism, protein translation and processing, heat-shock response, blood clotting and anti-oxidative stress (Table 1) . Their function in response to CSFV infection may be as described below.
In the infected PBMCs, eight cytoskeletal proteins with clearly altered expression were identified (Table 1) . Of these, cofilin is a key actin dynamics-regulating protein and is directly involved in actin polymerization and depolymerization (Bukrinsky, 2008) . Moesin acts as a cross-linker between plasma membrane and actin filaments as well as a signal transducer in responses involving cytoskeletal remodelling. Moesin also regulates the formation of stable microtubules (Naghavi et al., 2007) . Vinculin is a protein concentrated in adhesion plaques and has been suggested as a possible link between the ends of the bundles of actin filaments and the plasma membrane. Its major role is related to cell structure and integrity. In a few cells, Tln1 is detected in doughnut-shaped aggregates as a ring surrounding a central core of actin (Burridge & Connell, 1983) . Tln1 also binds to vinculin, which is involved in the attachment of microfilament bundles to the plasma membrane at the adhesion plaques (Burridge & Mangeat, 1984) . In short, all these proteins are associated with the actin cytoskeletal network or cell integrity. Hence, changes in expression of these proteins may destabilize the actin cytoskeletal network, thereby inducing apoptosis (White et al., 2001) . Therefore, changes in levels of these cytoskeletal proteins indicate that CSFV may also manipulate the cytoskeletal network of the target cells and induce apoptosis. Following CSFV infection the expression of annexin A1 of porcine PBMCs was markedly increased (Table 1) . This protein is one of 12 members of the annexin family of calcium-and phospholipid-binding proteins of mammalian cells. While its main role is anti-inflammatory, there is also evidence that it is involved in cellular proliferation, (Gerke & Moss, 2002) . A study by Tabe et al. (2007) has shown that upregulation of endogenous annexin A1 could promote cell death and neutralization with anti-annexin A1 antibody or gene silencing with annexin A1 siRNA (small interfering RNA) could inhibit depsipeptide (FK228)-induced apoptosis. Earlier studies have shown that overexpression of annexin A1 can activate caspase 3 and produce a high degree of spontaneous and stimulated apoptosis in monocytic cells (Solito et al., 2001) . Moreover Summerfield et al. (2001) have reported that the activities of caspase 3 and 9 were increased in CSFV-infected cells. Our previous study showed that the expression of annexin A2, the second member of the annexin family, was also elevated in PK-15 cells following CSFV infection (Sun et al., 2008) . Annexin A2 is involved in p53-mediated apoptosis and in regulating cell proliferation (Huang et al., 2008) . These results indicate that annexin A1 and annexin A2 are important regulatory factors in CSFV-induced cell apoptosis.
Of four energy-related metabolic enzyme proteins with altered expression, only GAPDH, a key glycolytic enzyme, was markedly increased (Table 1) . GAPDH has multiple functions, being involved in endocytosis, DNA replication and repair, RNA transport and/or translation (Sirover, 1997) . Since its association with apoptosis was first described (Ishitani & Chuang, 1996) , several independent studies have shown that overexpression and nuclear translocation of GAPDH are involved in apoptosis of multiple neuronal and non-neuronal systems. Consequently GAPDH has been considered a mediator of cell death (Sawa et al., 1997; Saunders et al., 1999; Dastoor & Dreyer, 2001) . Increased GAPDH expression could therefore be an important factor in the induction of apoptosis of infected PBMCs. However, GAPDH is markedly decreased in CSFV-infected PK-15 cells (Sun et al., 2008) which is in agreement with the observation that CSFV does not cause cytopathic effect or cell death of PK-15 cells during infection.
There are further implications of these observations: GAPDH is widely used as a constant housekeeping gene for normalization of quantitative real-time RT-PCR or as a constant protein marker in Western blotting analysis. However, our results show that GAPDH expression is clearly altered either in vitro or in vivo by CSFV infection and this change has also been observed in hepatitis C virus-induced hepatocellular carcinoma (Waxman & Wurmbach, 2007) . Consequently, GAPDH cannot be taken as always being constant; hence its use as a constant expression marker for normalization should be undertaken with caution.
As a stress-induced antioxidant enzyme, peroxiredoxin-1 (Prx-1) is a member of the peroxiredoxin family with H 2 O 2 -scavenging activities. Increased expression of Prx-1 contributes to protection against H 2 O 2 -induced apoptosis (Berggren et al., 2001) . Prx-1 participates in the apoptosis signal-regulating kinase 1 (ASK1)-mediated signalling pathway and plays an inhibitory role in ASK1-induced apoptosis (Kim et al., 2008) . Our previous study showed that expression of peroxiredoxin-6 (Prx-6), another member of the peroxiredoxin family, was increased in CSFV-infected PK-15 cells (Sun et al., 2008) and increased expression of Prx-6 has been shown to protect cells against oxidative stress and inhibit apoptosis (Manevich & Fisher, 2005) . In contrast, the expression of Prx-1 in PBMCs following CSFV infection was decreased, which might lower cellular resistance to oxidative stress and facilitate cell apoptosis induced by CSFV infection. This is consistent with the enhanced apoptosis observed in porcine peripheral blood lymphocytes following CSFV infection (Shi et al., 2009) .
It is well known that apoptosis is the main factor causing leukopenia and immunosuppression in CSFV-infected pigs (Choi et al., 2004; Summerfield et al., 1998a Summerfield et al., , 2000 Sánchez-Cordó n et al. 2002 . The present study has shown that expression of proteins associated with apoptosis and anti-oxidative stress networks, such as GAPDH, annexin A1 and Prx-1 in PBMCs, is altered after CSFV infection and therefore that their direct or indirect interaction could be responsible for induction of apoptosis of cells of the immune system.
Just as translational elongation factor 1d (EF1d) showed increased expression in CSFV-infected PK-15 cells (Sun et al., 2008) , EF1a was markedly increased in CSFVinfected PBMCs. It is well known that EF1a functions in the global regulation of mRNA translation, the stability of expressed proteins and cytoskeletal organization. Interestingly, EF1a has also been shown to play a critical role in viral replication and pathogenesis via interaction with viral proteins or genomes. For instance, EF1a can interact with the 39 untranslated region of dengue 4 virus RNA (De Nova-Ocampo et al., 2002) and West Nile virus RNA (Davis et al., 2007) to facilitate viral RNA synthesis. It has also been shown to interact with non-structural proteins of hepatitis C virus (Kou et al., 2006) and BVDV (Johnson et al., 2001) . Notably, CSFV and BVDV belong to the genus Pestivirus, having the same genomic organization and similar patterns of viral replication and assembly as well as cross-antigenicity (Thiel et al., 1996; Heinz et al., 2004) . Therefore, it is reasonable to speculate that CSFV uses EF1a in a similar way as BVDV does for its replication and protein synthesis.
As shown in Table 1 , three heat-shock protein 70 (HSP70) family members were upregulated in PBMCs after CSFV infection. The HSP70 family plays a role in stabilizing preexisting proteins against aggregation and in mediating the folding of newly translated polypeptides in the cytosol, as well as within organelles. Among the three upregulated members of the HSP70 family, upregulation of the endoplasmic reticulum molecular chaperone BiP has been observed during several viral infections. For instance, translation of BiP mRNA is increased in poliovirusinfected cells while translation of most host cellular mRNAs is inhibited (Sarnow, 1989) . Transcription of BiP mRNA is also induced after paramyxovirus infection (Peluso et al., 1978; Stoeckle et al., 1988) and upregulation of BiP is considered important for progeny virion formation during human cytomegalovirus infection (Buchkovich et al., 2008) . However, the role of BiP upregulation in CSFV-infected PBMCs needs to be further elucidated.
In addition to immunosuppression, acute CSF also features haemorrhagic fever, thrombocytopenia and disseminated intravascular coagulation (Thiel et al., 1996; Moennig & Plagemann, 1992) . In the present study three blood coagulation factors, fibrinogen gamma polypeptide (FBG), platelet factor 4 (PF-4) and thrombospondin 1 (TSP-1), were found to be differentially expressed after CSFV infection (see Table 1 ). FBG is involved in blood clotting, being activated by thrombin to assemble into fibrin clots. PF-4 has stronger binding to heparin than to the chondroitin-4-sulfate chains of the carrier molecule and neutralizes the anticoagulant effect of heparin. TSP-1 can interact specifically with macromolecules important in haemostasis, such as fibrinogen, collagen and heparin (Tuszynski et al., 1988) . Changes in expression of these three proteins induced by CSFV may impair the haemostatic balance and lead to the coagulation and thrombosis seen in acute disease. Furthermore, PF-4 may play a crucial role in the induction and maintenance of a non-specific immune response (Pervushina et al., 2004) . TSP-1 also participates in regulation of immune function, including modulation of T cell behaviour and activation and clonal expansion of inflammatory T cells (Li et al., 2002; Vallejo et al., 2000) . Both PF-4 and TSP-1 are markedly downregulated in CSFV-infected PBMCs, which may be associated with dysregulation of the immune responses after CSFV infection.
In conclusion, the first proteomic profile of in vivo target cells of CSFV has been obtained. The altered expression of certain PBMC proteins, identified following CSFV infection of pigs, may result in marked changes in cellular signalling pathways to modulate host responses to CSFV invasion and which eventually determine the fate of the infection. Although the current study is unable to provide concrete functional explanations for these expression changes during the course of CSFV infection, further functional studies on the proteins implicated should be very useful, not only to elucidate the molecular pathogenesis of CSFV, but also to assist in the development of new antiviral therapies as well as innovative diagnostic methods.
METHODS
Animals and infection. Ten Landrace pigs at 60 days old were used in the study. All were free from CSFV infection, as shown by negative results in real-time RT-PCR detection of the virus genome and in serum antibody tests using a CSFV Antibody Test kit (Idexx) as described previously (Shi et al., 2009) . The pigs were acclimatized to laboratory conditions for several days prior to viral infection. Five pigs were used as controls and the other five pigs were injected intramuscularly with a lethal dose of highly virulent CSFV strain Shimen using a previous protocol (Shi et al., 2009) . Clinical symptoms and rectal temperature were recorded daily p.i. The two pig groups were housed and fed separately to prevent cross contact infection.
Isolation of PBMCs and protein extraction. Once typical CSF clinical symptoms had developed in the infected group, a blood sample from each pig was collected from the anterior vena cava and mixed with 1 % EDTA in a 9 : 1 ratio by volume. Immediately following collection the anticoagulated blood was diluted 1 : 1 in PBS and layered onto an equal volume of Ficoll-Paque (Amersham Biosciences) and centrifuged at 900 g for 20 min at 20 uC. PBMCs at the interface were collected, resuspended in PBS (pH 7.4)and washed twice. The isolated PBMCs of each pig were lysed with lysing solution [8 M urea, 4 % CHAPS, 40 mM Tris, 0.5 % IPG buffer (Amersham Biosciences)] and the protein concentration of the lysates were determined using Coomassie PlusThe Better Bradford Assay kit (Amersham Biosciences). Protein samples were kept at 280 uC until 2-DE analysis.
Detection of viral RNA. Total RNA of PBMCs from each CSFVinfected pig was prepared using an RNeasy Mini kit (Qiagen) and the first-strand cDNA was synthesized using SuperScript III (Invitrogen) according to the manufacturer's instructions. A partial CSFV E2 gene (270 bp) was amplified with the forward primer 59-TCRWCAACCAAYGAGATAGGG-39 and reverse primer 59-CACAGYCCRAAYCCRAAGTCATC-39 using the following PCR conditions: 94 uC for 5 min; followed by 30 cycles of 94 uC for 30 s, 56 uC for 40 s and 72 uC for 40 s; and a final extension at 72 uC for 7 min. The PCR products were identified by 1 % agarose gel electrophoresis. PBMCs from control, uninfected, pigs were processed in parallel.
Two-DE, image analysis and MALDI-TOF-MS/MS identification. Two-DE, image analysis and protein identification were conducted using the methods previously described (Sun et al., 2008) . Briefly, isoelectric focusing (IEF) in the first dimension was performed using 24 cm pre-cast immobilized pH gradient (IPG) strips at non-linear (NL) pH 3-11 (Amersham Biosciences), which were rehydrated with 450 ml rehydration buffer (8 M urea, 2 % CHAPS, 18 mM DTT, 0.5 % IPG buffer pH 3-11 NL, and a trace of bromophenol blue) containing protein samples [250 mg for silver staining, 1.2 mg for Coomassie brilliant blue (CBB) staining] from each PBMC preparation. Following IEF, the IPG strips were equilibrated and the second-dimensional separation was performed using homogeneous SDS-PAGE (12 % acrylamide). A total of ten gels representing ten pigs (five controls and five infected pigs) were processed. Protein spots in the gels were stained with silver for image analysis and CBB R-250 for spot excising (Mathesius et al., 2001) . Image analysis was carried out using PDQuest software 7.1 (Bio-Rad).
To accurately determine differentially expressed protein spots, Student's t-test was performed to compare the relative intensities of CSFV-infected and control samples. Only spots showing a consistent infected/uninfected mean ratio for expression intensity of .2 or ,0.5 in all five gels of each group were selected, as showing significant alteration (P¡0.05), for analysis by mass spectrometry.
Protein spots with significant changes were excised from the CBBstained 2-DE gels and subjected to identification by MALDI-TOF-MS/MS following the protocol as described previously (Sun et al., 2008) .
Real-time SYBR Green RT-PCR and Western blotting of differentially expressed proteins. To further validate the identification of altered protein expression in PBMCs from infected pigs, mRNA transcription changes of four randomly selected proteins were analysed by real-time SYBR Green RT-PCR with an ABI PRISM 7000 cycler (Applied Biosystems) using the procedure previously described (Shi et al., 2009 ). In addition, differentially expressed proteins in infected PBMCs were analysed by Western blot using the previously described method (Sun et al., 2008) to confirm the 2-DE result. Two proteins, cofilin and annexin A1, were selected and analysed based on the availability of their commercial antibodies and functional information. Briefly, 50 mg total protein of each sample from infected pigs or controls was run on 12 % polyacrylamide SDS-PAGE gels, then electrotransferred to PVDF membranes in which non-specific binding had been blocked, using a solution of 1 % BSA in 0.01 M PBS, pH 7.4, for 2 h at ambient temperature. The membranes were incubated successively for 2 h at ambient temperature with rabbit polyclonal antibody against cofilin or annexin A1 (Abcam), followed by goat antirabbit IgG conjugated with horseradish peroxidase (Sigma), according to the manufacturer's instructions. Reactive protein bands were visualized using SuperSignal West Pico chemiluminescence substrate (Pierce Biotechnology) and then photographed.
